Mammoth Cave (Kentucky, USA) is the world's longest humannavigable cave system. Gypsum (CaSO 4 values are similar to the host formation d 34 S pyrite , suggesting that oxidized pyrite from the host formation continues to be a major sulfur source to this day. Together, these observations strongly suggest a significant local source of sulfur for Mammoth Cave gypsum, the majority (66%-100%) of which is derived from the oxidation of pyrite in strata adjacent to the cave.
INTRODUCTION
Mammoth Cave, located in Kentucky, USA ( Fig. 1) , is the longest human-navigable cave system in the world, and is more than 640 km in length (Mammoth Cave National Park Service, 2014) . Aside from being an important karst terrain, Mammoth Cave is also a U.S. National Park and a United Nations Educational, Scientific and Cultural Organization (UNESCO) World Heritage Site and biosphere reserve. Despite nearly a century of research into the formation of Mammoth Cave and its interior deposits, the origin of the gypsum (CaSO 4 •2H 2 O) that lines cave walls remains uncertain (Weller, 1927; Pohl and Born, 1935; Pohl and White, 1965; Davies and Chao, 1959; George, 1977; Furman et al., 1999; Palmer and Palmer, 2003) . The host rock of Mammoth Cave is limestone, which supplies abundant calcium, thereby leaving sulfate as the limiting component for gypsum formation. Several possible sulfate sources were previously suggested, including oxidation of pyrite (FeS 2 ) from a pyrite-rich layer above the cave (Weller, 1927; Pohl and Born, 1935; Pohl and White, 1965; Furman et al., 1999; Palmer and Palmer, 2003) , sulfate mobilized from bedded Mississippian-aged evaporites (gypsum and/or anhydrite; George, 1977) , and sulfate leached from Pleistocene soils (Davies and Chao, 1959) . A possible alternate source is carbonate-associated sulfate (CAS), where sulfate is substituted for the carbonate ion in the carbonate crystal lattice at ~100-1000 ppm levels (Burdett et al., 1989) .
Sulfur isotopes can be used to distinguish between potential sulfur sources because of large offsets in d S-depleted sulfides (e.g., pyrites, pyr) and correspondingly 34 S-enriched sulfates (e.g., CAS, gypsum, anhydrite). In Phanerozoic sedimentary rocks, d 34 S pyr is typically 30‰-40‰ lower than that of coeval sulfate evaporites and CAS (e.g., Canfield, 2001; Wu et al., 2010) . Two gypsum (gyp) samples from Mammoth Cave were previously analyzed (Furman et al., 1999 
Geology of Mammoth Cave
The Mammoth Cave system includes cave passages located within Flint Ridge and Mammoth Cave Ridge (Fig. 1) . These ridges are capped by insoluble siliciclastic rocks; limestones line the valleys. Dating of cave sediments using cosmogenic nuclides suggests that the majority of cave formation occurred between 3.62 Ma and 0.85 Ma (Granger et al., 2001; Anthony and Granger, 2007) . All strata dip slightly (0.3°-0.5°) to the northwest within the confines of the park, except over localized areas associated with subsurface collapse, jointing, or faulting (Palmer, 1981) .
Mammoth Cave is found mostly in the ~110 m of Mississippianaged Girkin Limestone, Ste. Genevieve Limestone, and St. Louis Limestone ( Fig. 2; Palmer, 1981) . Most cave passages follow formation or bed boundaries, and the majority of passages occur in the Ste. Genevieve Limestone. The limestones are overlain by the thin and discontinuous Fraileys Shale Member, which is overlain by the Big Clifty Sandstone Member, a thick, quartz-dominated, cross-bedded sandstone with prominent iron staining in outcrop.The Fraileys Shale Member serves as a water seal and gypsum forms only in passages where the overlying Fraileys is absent (e.g., Hess and White, 1989) .
Gypsum crystals are found along bedding planes and joints, and gypsum also forms via direct replacement of limestone (White and White, 2003) . Gypsum abundance is greatest in formations with known pyriterich beds (Palmer and Palmer, 2003) . In certain passages of Mammoth Cave, ceiling breakdown is a result of gypsum growth mechanically wedging apart carbonate beds (White and White, 2003) .
Many caves with gypsum deposits formed as a result of sulfuric acid-induced dissolution, such as Carlsbad Caverns (New Mexico, USA; Palmer, 2007) , Lechuguilla Cave (New Mexico, USA; Jagnow et al., 2000) , and the Frasassi Cave system (Italy; Galdenzi et al., 2008) . However, Mammoth Cave is an epigenic cave and predominantly formed by carbonate dissolution from carbonic acid-and organic acid-bearing groundwater at low temperature. Sulfuric acid resulting from the oxidation of pyrite is known to play a part in speleogenesis in some caves, but likely played a minor role in Mammoth Cave.
MATERIALS AND METHODS
Gypsum samples (n = 106) were collected from 12 locations within the Mammoth Cave system (Figs. 1 and 2). When possible, sampling included multiple gypsum clusters within the same chamber, separated by a few meters. Due to park regulations, gypsum crystals and subsurface rock samples were limited to those that had fallen to the cave floor. Sample locations were carefully selected for passages where it was clear that materials had not been transported laterally. Gypsum crystal morphologies were varied, including needles, crusts, and blades ( ). Rock samples representing the relevant strata were collected from the surface (n = 16) and subsurface (n = 4) for d 34 S analyses. Surface samples were collected as close to the studied cave passages as outcrop availability permitted (Fig. 1) . Water samples were collected from a small pool 8 m below a low-flow water input and another from a low-flow sulfide seep (Fig. 1) . S pyr values (-2.2‰ to +17.8‰, avg. = 8.7‰, n = 6) were observed for the formations that overlie the cave system (Caseyville Formation, Hardinsburg Sandstone, Big Clifty Sandstone Member, and Fraileys Shale Member; Fig. 3A) . Two gypsumencrusted rock samples from the subsurface Ste. Genevieve Limestone contained sufficient pyrite and CAS for isotopic analyses (Fig. DR3 ). These two rocks show similar d In the cave water samples, sulfide concentrations were too low to yield enough sulfide for isotopic analysis. However, aqueous d 34 S SO 4 was -7.7‰ at the pool and averaged -4.3‰ at the sulfur seep (Fig. 3) . These aqueous sulfate d 34 S SO 4 values are similar to the average d 34 S pyr (-8.9‰) from the major cave-forming units, the Girkin and Ste. Genevieve Limestones, and slightly lower than average d 34 S pyr (-2.5‰) in the Ste. Genevieve Limestone, the host formation of the water samples.
RESULTS

Stratigraphic trends are found in the
DISCUSSION
There is little isotopic fractionation (~1.5‰) during abiotic gypsum formation (Thode et al., 1961; Raab and Spiro, 1991) or pyrite oxidation (Field, 1966) , so that d (Fig. 3A) shows that the range in We use a mixing model (Fig. 4) S evaporite are small, and they overlap (Fig. 3A) . The relationship between d 34 S pyr and the abundance ratio of pyrite sulfur to total sulfur in gypsum ( f pyr ) is (Fig. DR3) 
Short-Versus Long-Distance Sulfur Transport
Palmer and Palmer (2003) observed gypsum abundance being greatest in passages near pyrite-rich beds and gypsum growth nucleated on iron oxides, interpreted as pyrite oxidation products (Palmer, 2007) ; the latter is clear evidence that pyrite oxidation can be a local source of gypsum sulfur. This does not, however, establish how much pyrite sulfur contributes to gypsum over the cave system as a whole or the transport history of the sulfur. Palmer and Palmer (2003) proposed a capillary action model of gypsum precipitation where evaporation at the cave wall pores drives gypsum growth. Oxic groundwater passes through the cave wall and oxidizes pyrite sulfur into sulfate. Oxidation of pyrite at typical concentrations (0.01-0.001 wt%) only needs to occur within the first 5-18 m of wall rock to produce gypsum in quantities similar to those observed in Mammoth Cave.
Capillary gypsum formation in pyrite-bearing limestone will not produce gypsum with a d 34 S value dominated by CAS because large percentages of the limestone must be dissolved to release sufficient CAS. Oxic groundwater could travel through the cave wall or oxygen could diffuse into the cave wall and oxidize pyrite, while CAS release would require acidic groundwater that breaks down the cave wall. The lack of Mn oxides near gypsum crystals is evidence that the groundwater near the cave wall is oxic rather than anoxic.
The capillary action model of gypsum formation suggests that sulfur transport distance need only be ~10 m within the cave wall to form gypsum in quantities similar to that observed in Mammoth Cave. This is consistent with d 34 S pyr data, which show that no sulfur (CAS, evaporites, or pyrite) from formations overlying the cave is required to explain the d 34 S gyp values. Because pore waters pass through the cave wall immediately adjacent to the gypsum, they will inherit at least some characteristics of the local geochemistry and, by extension, pore water sulfate would undergo isotopic homogenization as it travels toward the cave wall. This would result in a d 34 S gyp range smaller than the d 34 S pyr range, which is consistent with our observations (Fig. 3) (Fig. DR3 ) results from the averaging of pyrite sulfur during transport, which occurs at the meter scale.
Gypsum Formation Through Time
Cave formation at Mammoth likely occurred during the past 3.5 m.y. (Granger et al., 2001; Anthony and Granger, 2007) . Gypsum could precipitate in passages once flowing water had receded, but it is unknown precisely when or how quickly gypsum precipitated in the cave. Certain cave locations, such as Giant's Coffin and Snowball Dining Room, where human signatures are etched into the wall gypsum, show minor regrowth (R.S. Toomey, 2014, personal commun.) , suggesting that some gypsum could have formed in the past few hundred years. The d
34
S gyp values observed along the growth axis for single gypsum crystals (Fig. DR2 ) are consistent with a constant sulfur source through time. It is not possible to sample water that is actively precipitating gypsum in the cave because gypsum growth is associated with trace quantities of water, so water found in close proximity to gypsum-bearing passages is the closest approxima- from water samples (-6.0‰) is very similar to the average d 34 S pyr from the host formation of the water samples. These data are consistent with a local (at the formation or member level) source of dissolved sulfur and gypsum sulfur, suggesting that pyrite sulfur continues to be a significant sulfur source in Mammoth Cave today.
SUMMARY
The d
34
S data and geologic context strongly suggest that pyrite is the dominant, and in some cases exclusive, sulfate source for modern cave waters and gypsum. Contributions from carbonate-associated sulfate (CAS) and evaporites to Mammoth Cave gypsum must be minimal. Invariant d 34 S along the growth axis of single gypsum crystals suggests that this has been the case throughout the growth history of the gypsum. A mixing model suggests that for the average gypsum crystal, >66% of sulfur is derived from pyrite. The overlap between d 34 S of pyrite and gypsum at a given stratigraphic level, the large range of isotopic variability in these signals, and the mode of gypsum formation suggests that proximal pyrite (within 1-20 m) is the dominant gypsum sulfur source, in agreement with Palmer and Palmer (2003) . This work provides insight into gypsum speleogenesis and hydrology in Mammoth Cave and may be important for understanding sulfate speleogenesis in other epigenic limestone caves and karst regions (e.g., Berome Moore Cave in Missouri, Fitton Cave in Arkansas, and caves in the Cumberland Plateau escarpment in Tennessee).
